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Germany; and ‡Max Planck Institute of Biophysics, Frankfurt/Main, GermanyABSTRACT Femtosecond time-resolved absorption measurements were performed to investigate the influence of the pH,
imidazole concentration, and point mutations on the isomerization process of Channelrhodopsin-2. Apart from the typical
spectral characteristics of retinal isomerization, an additional absorption feature rises for the wild-type (wt) on a timescale
from tens of ps to 1 ns within the spectral range of the photoproduct and is attributed to an equilibration between different K-inter-
mediates. Remarkably, this absorption feature vanishes upon addition of imidazole or lowering the pH. In the latter case, the
isomerization is dramatically slowed down, due to protonation of negatively charged amino acids within the retinal binding
pocket, e.g., E123 and D253. Moreover, we investigated the influence of several point mutations within the retinal binding pocket
E123T, E123D, C128T, and D156C. For E123T, the isomerization is retarded compared to wt and E123D, indicating that a nega-
tively charged residue at this position functions as an effective catalyst in the isomerization process. In the case of the C128T
mutant, all primary processes are slightly accelerated compared to the wt, whereas the isomerization dynamics for the D156C
mutant is similar to wt after addition of imidazole.INTRODUCTIONAlmost ten years ago, Channelrhodopsins were first
described as light-gated cation channels (1,2). Later studies
showed that Channelrhodopsin-2 (ChR2) also pumps pro-
tons across a cell membrane; it was then termed a ‘‘leaky
proton pump’’ (3). The possibility to control an ion channel
through light stimulation was widely used to selectively
depolarize cell membranes leading to the firing of action
potentials (4,5). Together with its counterpart the chloride
pump halorhodopsin, these proteins became excellent tools
in the emerging scientific field of optogenetics (6). Despite
the ongoing research concerning optogenetic applications,
relatively little is known about the molecular mechanisms
of ChR2.
Recently, the crystal structure of a C1C2 chimera between
ChR1 and ChR2 was reported, exhibiting an overall molec-
ular architecture similar to bacteriorhodopsin (bR), with
retinal covalently bound through a Schiff base with a lysine
residue to the protein (7). A 6 A˚-projection map obtained by
cryo-electron microscopy indicates the existence of ChR2 as
a stable dimer (8). Retinal extraction experiments and reso-
nance Raman spectroscopy reveal a mixture of all-trans and
13-cis conformations (70:30) in dark-adapted ChR2 (9).
Recently, the primary photodynamics for the ChR2 wt at
pH 7.4 was investigated using femtosecond time-resolved
absorption spectroscopy (10). Photoexcitation triggers an
isomerization around the C13-C14 double bond leading to
the formation of a ground-state photointermediate (K-like
intermediate). The primary photodynamics exhibits a high
similarity to sensory rhodopsin II (NpSRII) (11) and bRSubmitted November 14, 2011, and accepted for publication April 19, 2012.
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0006-3495/12/06/2649/9 $2.00(12,13). Therefore, the driving forces catalyzing the isomer-
ization, e.g., the hydrogen-bond network and electrostatic
interactions, are assumed to be similar. Like in other retinal
proteins, the trans-cis isomerization around the C13-C14
double bond induces a photocycle consisting of a series of
thermally driven reaction intermediates (14,15).
The primary processes occurring on a picosecond time-
scale are decisive for the quantum efficiency of the protein.
A part of the population in the excited state relaxes back to
the initial ground state without isomerization. The branch-
ing point between the reactive and the unreactive pathway
is located before reaching the K-like intermediate.
In this study, we first probed the proximate vicinity of the
protonated Schiff-base. The Schiff-base proton is stabilized
by a water-mediated network of hydrogen bonds (9) and
the counterion, consisting presumably of R120, D253, and
E123 (Fig. 1). Early reports proposed E123 as primary
proton acceptor (14,16), whereas the recently published
crystal structure of a C1C2 chimera assigned this function
to D253 (7). Both residues provide protonation sites in close
vicinity to the retinal. Hence, the electrostatic environment
is altered upon lowering the pH and thereby neutralizing
these negatively charged residues. Because the excited state
of retinal is supposed to exhibit a charge-transfer character,
the isomerization dynamics should be pH-dependent.
Therefore, these experiments provide information about
the response of the retinal after photoexcitation in an altered
environment. Furthermore, we investigated the isomeriza-
tion dynamics in mutations where E123 was replaced by a
neutral (E123T) and a negatively charged amino-acid
residue (E123D), respectively. Recently it was shown that
these mutations of E123 influence the spectral anddoi: 10.1016/j.bpj.2012.04.034
FIGURE 1 Retinal binding pocket of ChR2 based on the crystal structure
of a C1C2 chimeras (PDB access code: 3UG9).
2650 Scholz et al.photocycle properties of ChR2, while retaining the channel
function (17).
While the proton concentration and the E123X mutations
affect the charge of acidic side chains, we tested other means
tomodulate the hydrogen-bonding network and its impact on
the isomerization. Imidazole, like azide, is a weak proton
donor and either acts as proton shuttle between the vicinity
of the Schiff base and the external aqueous bulk phase (18)
or interacts with the hydrogen-bonding network of the
protein (19). Therefore, imidazole effects on the kinetics of
ChR2 provide information on the primary reaction steps
with an altered hydrogen-bonding network.
We also tried to address the coupling of the primary photo-
reaction to the late stages of the photocycle that are connected
with the gating of the channel. For bR, it is well established
that T90 forms a hydrogen bond with D115 stabilizing
the structure of helix C. Mutations of T90 affect the proton
transport efficiency and the photocycle kinetics (20). Strong
evidence comes from vibrational spectroscopy that this
internal hydrogen bond is also present in ChR2 between
the corresponding amino acids C128 and D156 (21). Point
mutations of these two amino acids lead to a longer open
state of the channel that can last for tens of seconds to even
minutes (16,22). It was thus supposed that this hydrogen
bond plays a central role in the gating of the channel
(16,21,22). This element differs in the recently published
crystal structure of a C1C2 chimera where no hydrogen
bond between C128 and D156 could be observed (7). The
findings either point to structural differences in ChR2 and
the chimera or to an influence of the different experimental
conditions for crystallization and spectroscopy.FIGURE 2 Stationary absorption spectra of the measured samples: (A)
The influence of pH and imidazole (Im.); (B) E123D and E123T; and (C)
C128T and D156C.MATERIALS AND METHODS
Point mutations for the E123, C128, and D156 positions were inserted
by site-directed mutagenesis in the wild-type (wt) construct of ChR2Biophysical Journal 102(11) 2649–2657comprising the coding region for the amino acids 1–315 of ChR2 and
a C-terminal 9x-HisTag. The ChR2 gene was cloned in a pPIC9K vector
(Invitrogen, Carlsbad, CA) and used for transformation in Pichia pastoris.
Cell culture and purification of ChR2 was performed as described in
Bamann et al. (14). The buffer of the final product was exchanged by gel
filtration and additional dialysis against the buffer required for the experi-
mental respective conditions (e.g., pH4, imidazole-free).
The laser-setup for the time-resolved absorption measurements was
described earlier by Huber et al. (23). Briefly, a model No. CPA 2001 laser
(Clark MXR, Dexter, MI) delivers femtosecond laser pulses with a central
wavelength of 775 nm, operating at a repetition rate of 1 kHz. The wave-
length of the pump-pulse was adjusted to the absorption maximum of the
sample using a home-built noncollinear optical parametric amplifier. A
single-filament white-light continuum was generated by focusing part of
the laser fundamental into a sapphire-crystal and used as probe-pulse.
This probe pulse was divided into a signal and a reference part and recorded
by two 42-segment diode arrays. The time-resolution varied between 50
and 90 fs.RESULTS
Stationary absorption spectra
In the stationary absorption spectra, the wt clearly exhibits
a vibronic fine structure similar to that in NpSRII (10)
(Fig. 2 A). Three absorption maxima can be identified
located at 420 nm, 449 nm, and 474 nm. As reported earlier
in ultrafast pump-probe measurements for the wt (10) and
for flash-photolysis experiments on C128T (22), the tran-
sient data were not affected by changing the excitation
wavelength. Therefore, a contribution from several spec-
trally different states can be ruled out. The absorption
Retinal Isomerization in Specifically Modified ChR-2 2651spectra for ChR2 wt shows only a weak pH dependence in
contrast to the large spectral shift that was reported for
ChR1 (24). Similar spectral shifts were also observed for
other retinal proteins like bR (25) and proteorhodopsin
(26) and were assigned to the protonation state of the
primary proton acceptor. The absorption properties of
ChR2 are not influenced by imidazole (Fig. 2 A). Moreover,
Fig. 2 B displays the absorption spectra of the E123D and
E123T mutants. It is obvious that the vibronic fine structure
is less pronounced for the E123D mutant (lmax ¼ 486 nm)
and is nearly absent for E123T (lmax ¼ 490 nm)). The
absorption maxima of both mutants are slightly red-shifted
compared to the wt. For the C128T (lmax ¼ 480 nm) and
D156C (lmax ¼ 477 nm) mutants as well, a slight red-shift
of the absorption spectrum is visible and again, the vibronic
fine structure is less pronounced but still present in both
mutants (Fig. 2 C).Influence of pH and imidazole on the primary
photodynamics
Fig. 3 compares the temporal evolution of the ChR2 absorp-
tion difference spectrum at different pH and imidazole
concentrations after photoexcitation. The overall spectral
absorption features are quite similar for all samples. The
depopulation of the ground state (GSB) can be observed
in the spectral region of the cw-absorption band. At the
red-end of the probed spectral range (680–750 nm), a nega-
tive difference band indicates the stimulated emission (SE).
Obviously, the lifetime of the excited state is affected by pH.FIGURE 3 Transient absorption changes of ChR2 wt after excitation at
480 nm. The figure is color-coded. (Blue areas mark region with negative
absorbance changes, red with positive, and green areas without absorption
changes.) The data are plotted linear until 1 ps and logarithmic from 1 ps to
1 ns. For comparison, the absorption spectra are plotted at the right.This is illustrated by the time constants obtained from global
fit analysis that is increased from 2.9 ps to 4.6 ps upon
lowering the pH (Table 1). For wavelengths ranging from
500 to 650 nm, a strong positive absorption feature is
observed directly after photoexcitation, which is attributed
to the excited state absorption (ESA). This positive signal
decays on a picosecond-timescale to a constant signal
caused by the first ground-state intermediate in the photo-
cycle of ChR2 (K-intermediate) containing the isomerized
retinal. For the imidazole-free sample at alkaline conditions,
an additional absorption feature can be observed rising at
the end of the investigated time range. This data set requires
five time constants in the global fit analysis compared to the
four that are necessary to approximate the transient data
upon addition of imidazole or at pH 4 (Table 1). Neverthe-
less, the initial photodynamics until 2 ps is not affected by
imidazole (see the Supporting Material).
Fig. 4 displays the decay-associated spectra (DAS) of the
individual time constants. Because the first time constant is
in the same range as the time resolution of our setup, it is not
considered further. The spectra of t2 exhibit contributions
from the decay of GSB, ESA, and SE. Therefore, t2 is attrib-
uted to the decay of the excited state. In contrast, the spectra
of t3 do not show any contributions from the stimulated
emission at alkaline pH, whereas a small contribution was
observed at pH 4 (see inset). The t3-contributions in the
spectral range of the photoproduct describe the decay of
a hot early photoproduct. Only at pH 7.4, in the absence
of imidazole, is an additional time constant (t4) required
to satisfactorily describe the transient data. The DAS of t4
mainly shows a negative contribution at ~510 nm, which
indicates that t4 is required only to describe the formation
of this additional absorption feature. Moreover, a small posi-
tive contribution can be observed at the blue-end of the
spectrum, because the GSB band becomes slightly more
negative on this timescale. A shift of the lmax of the
observed photoproduct may account for these observations.
The time constant t5 is set to infinite and represents the
difference spectrum between the first ground-state interme-
diate of the photocycle of ChR2 and its ground state. The
high similarity of the corresponding DAS of t5 indicatesTABLE 1 Transient data were analyzed by global fit analyses
t1/ps t2/ps t3/ps t4/ps t5
wt <0.1 0.40 2.7 200 Infinite
wt/imidazole <0.1 0.41 2.9 — Infinite
wt/pH 4 <0.1 0.33 4.6 — Infinite
E123D <0.1 0.12 1.8 — Infinite
E123T <0.1 0.72 4.8 — Infinite
C128T <0.1 0.30 1.8 69 Infinite
D156C <0.1 0.32 2.6 — Infinite
Term ‘‘wt’’ indicates wild-type. A sum of exponential decays with the
same time constants but different amplitudes was used to approximate
each transient data set. The samples are measured at pH 7.4 without
imidazole, otherwise it is remarked in the table.
Biophysical Journal 102(11) 2649–2657
FIGURE 4 Decay-associated spectra (DAS) of the time constants ob-
tained by global fit analysis of the transient data for ChR2 wt at pH 7.4
in the presence and absence of imidazole and for pH 4.
FIGURE 5 Temporal evolution of the absorption changes of the E123D
(top) and E123T (bottom) mutants.
2652 Scholz et al.that the absorption spectrum of the first photoproduct is not
affected by changing the imidazole concentration or the pH,
as for the ground state (Fig. 2).FIGURE 6 DAS of the time constants obtained from global fit analysis
of the data sets for E123D and E123T compared to the amplitude spectra
obtained for the wt.A negative charge within the retinal binding
pocket catalyzes isomerization
If the isomerization kinetics at acidic conditions is slowed
down by protonating aspartate and glutamate residues
within the retinal binding pocket, a similar effect should
be observed by replacing E123 with a neutral amino acid
like threonine. In Fig. 5, the transient absorption spectra
for the E123T and E123D mutants are presented. The
time-resolved spectrum of E123D is similar to the wt
(Fig. 3), which is not surprising considering the fact that
the functional acid group is conserved. The main difference
in the ultrafast dynamics is that the positive absorption
feature at ~510 nm for longer delay times is nearly absent.
In contrast to this, the introduction of a neutral amino acid
in E123T has a strong influence on the primary reaction
kinetics. This is most evident in the long wavelength region
of the spectrum where a strong and long lasting signal of the
stimulated emission is observed (see the Supporting Mate-
rial). The transient data reveal that the isomerization process
is in general slowed down in E123T (Table 1). Neither for
E123D nor for E123T can an absorption increase at longer
delay times (t4) be observed.Biophysical Journal 102(11) 2649–2657The DAS of t2 exhibits contributions from the decay of
the ESA and the SE (Fig. 6). Remarkably, no contribution
from the recovery of the GSB could be observed for the
mutants in contrast to the wt. In the case of E123T and
E123D, the DAS of t3 exhibits a contribution from the
GSB recovery, whereas the other spectral contributions of
t2 are conserved, although the contribution to the SE for
the E123D mutant is quite low. This shows that a biexponen-
tial S1 decay is observed for the E123D and E123T mutants.
In contrast to this, the DAS of t3 for the wt does not show
any contribution from the SE at alkaline pH. The maximum
in the DAS of t5 for E123T is shifted from 510 nm (wt) to
550 nm. Taking the small spectral red-shift in the absorption
spectrum of the ground state into account (15 nm), these
findings suggest that the absorption spectrum of the primary
photoproduct experiences a stronger red-shift than in wt.
FIGURE 8 DAS of the time constants obtained from global fit analysis
for the C128T, D156C, and the wt.
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site-specific mutations within the retinal binding
pocket (DC-gate)
Previous studies revealed that C128 and D156 play an
essential role in channel opening, it was therefore termed
‘‘DC-gate’’ (21). We performed time-resolved absorption
measurements on C128Tand D156C mutants (Fig. 7). Obvi-
ously, the effect of the C128T and D156C mutation on the
primary photodynamics differs. In the transient spectra of
C128T, one can clearly observe the positive absorption
feature at ~510 nm at longer delay times analogous to wt.
Interestingly, the time constants obtained by global fit anal-
ysis for C128T are smaller than for wt (Table 1). Remark-
ably, no influence on the decay of the GSB and only slight
changes in the decay of the SE could be observed (see the
Supporting Material). The DAS reveal that the underlying
processes are also affected by the C128T mutation: The
DAS of t2 and t3 contain both contributions originating
from the decay of the ESA and the SE, whereas the DAS
of t3 for the wt exhibits no stimulated emission signal.
This indicates a biexponential decay for the C128T mutant
compared to a monoexponential decay for the wt. In the
DAS of t4, a positive contribution at ~560 nm is observed
that is absent in wt. The spectral characteristics found in
the DAS of t4, e.g., a negative amplitude flanked by two
positive contributions, can often be attributed to processes,
where the bandwidth of the generated photointermediate
decreases. The DAS of t5 reveals that the absorption
maximum of the photoproduct in the case of C128T is
more red-shifted than for wt.
In contrast to C128T, the primary photodynamics of
D156C resembles the one observed for the wt in the pres-
ence of imidazole. No additional absorption feature could
be observed at ~510 nm on longer delay times. Because
of the high similarity of the time constants depicted in
Table 1 and the DAS in Fig. 8, the underlying processes
are considered to be similar and are not further discussed.FIGURE 7 Transient absorption spectra of the C128T and D156C
mutants excited at lexc. ¼ 480 nm.DISCUSSION
Primary reaction of ChR2 at pH 7.4
We present fs-time-resolved absorption measurements on
ChR2 wt and several mutants. In this time range the isomer-
ization around the C13-C14 double bond occurs and the first
ground-state intermediate in the photocycle is generated. A
global fit analysis revealed that five time constants are
necessary to satisfactorily describe the transient data. The
primary reaction steps for many other retinal proteins like
NpSRII (11), and bR (27) can be described in general by
four time constants, which correspond to t1, t2, t3, and t5
in our study. They are attributed to the following processes:
Photon absorption induces a transition into the Franck-Con-
don region of the excited state (S1) of the retinal. Subse-
quently a motion of the initially generated wave packet
out of the Franck Condon region occurs (t1). The propaga-
tion on the potential energy surface of the excited state
includes several stretching modes and finally the torsional
mode around the C13-C14 double bond leading to the
S1/S0 conical intersection (t2). The time constant t2 is in
the same range as the decay of an excited-state population
that is sometimes termed ‘‘J-intermediate’’ in bR. The exis-
tence of this J-intermediate, as well as the question of
whether the J-intermediate is an excited (S1) or a ground
state (S0), are controversially discussed (28–31).
It is supposed that the retinal adopts a highly twisted
conformation in this state leading to a close contact of
the S1 and S0 energy potential surfaces (32). This is inBiophysical Journal 102(11) 2649–2657
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somerization of protonated Schiff bases (33,34). After the
subsequent vibrational relaxation of the isomerized photo-
product, the molecule decays, radiationless, on a picosecond
timescale to the first ground-state intermediate in the photo-
cycle (that is, red-shifted, with respect to the initial ground
state). Low-temperature Fourier transform infrared (FTIR)
spectroscopy revealed that this intermediate contains the
retinal in its isomerized 13-cis conformation (15,35). The
quantum yield of photoisomerization is significantly lower
than one. This is explained by the fact that the excited retinal
either decays to the first K-like intermediate containing the
retinal in its isomerized conformation or repopulates its
initial all-trans ground state (32). This is evident from the
DAS of t3 that contain contributions for both formation of
the photoproduct and repopulation of the ground state.
The DAS of t4 shows a negative contribution at ~510 nm
as well as a small positive contribution for l< 470 nm, indi-
cating a spectral shift of an absorption band. Because at this
delay time the first K-like intermediate should be the domi-
nant species, this signature can be attributed to an equilibra-
tion between different photointermediates. Upon addition of
imidazole, this feature is absent. It is generally accepted that
imidazole, like azide, interacts with the hydrogen-bonding
network of the protein. For bR, it was shown that azide
affects the photocycle dynamics (36–38) or even reestab-
lishes the functionality of the protein after mutation of the
primary proton donor D96N (39). Also in NpSRII, azide
and imidazole act as weak proton donors, reprotonating
the Schiff base during the M-decay in the D75N and F86D
NpSRII photocycle (40). Moreover, an accelerated M-decay
occurs in the H166A SRI mutant upon addition of imidazole
(41), where imidazole leads to the recovery of the SRI
functionality. Although the influence of azide and imidazole
on the slower photocycle dynamics is well investigated, the
knowledge about the influence on the initial steps of the pho-
tocycle is sparse. Only for the D75N mutant of NpSRII was
an effect of azide on the picosecond-dynamics observed.
There, azide induced an additional reaction pathway that
was assigned to an accelerated transition between different
K-intermediates (42), previously observed in the subsequent
photocycle steps of the D75N mutant (43,44).
The existence of several K-intermediates was not only re-
ported for NpSRII. In the photocycle of bR, three different
intermediates were reported before L-formation and termed
J, K, and KL (45). Although the existence of several K-like-
intermediates was controversially discussed (46), other
groups using time-resolved absorption (47) and resonance
Raman spectroscopy (48) confirmed the appearance of
several K-intermediates. Subsequent studies on the early
steps of the bR photocycle found two distinct K-intermedi-
ates that build up on a timescale of tens of ns (49,50). The
equilibration between different K-states is supposed to be
accompanied by a relaxation of the twisted chromophore
leading to conformational changes in the protein, especiallyBiophysical Journal 102(11) 2649–2657in the microenvironment of the retinal moiety. For bR, the
transition between several K-like intermediates is also
accompanied by the dislocation of weakly bound water
molecules (51). These observations lead to the assumption
that similar intermediates could also be present in the photo-
cycle of ChR2. Consequently, the additional absorption
feature described by t4 is explained by the onset of such a
transition between several K-intermediates.The additional K-intermediate is absent in the
presence of imidazole and at acidic pH
The most evident imidazole effect is the disappearance of
the additional absorption feature at ~510 nm rising with
200 ps in the imidazole-free sample. The single transient
observed at 518 nm (see the Supporting Material) clearly
shows that the fast kinetics until 2 ps is not affected by
imidazole. Then the transients separate, leading to a slight
increase in absorption for the imidazole free sample and
to a constant signal for ChR2 with imidazole. Both values
and DAS of the first time constants are similar to ChR2
without imidazole, indicating that the underlying processes
are identical. Obviously, the isomerization dynamics is not
influenced by the addition of imidazole. Interestingly, the
additional K-intermediate is also absent at low pH (pH¼ 4),
consequently the picosecond dynamics is not affected by
imidazole at pH 4 (data not shown). Apart from a pH and
imidazole effect on the hydrogen-bonding network within
the retinal binding pocket, a possible charge effect has to
be taken into account. Imidazole has a pKa value of ~7.
Therefore, it is positively charged at pH 4, whereas at pH
7.4, the concentration of the neutral species is raised.A negative point charge within the retinal binding
pocket accelerates retinal isomerization
Another effect upon lowering the pH is a slower isomeriza-
tion rate indicated by an extended lifetime of the excited
state (566 nm) and the stimulated emission (750 nm) in
Fig. 3. At pH 7.4, D253 and E123 are deprotonated and
therefore negatively charged. Lowering the pH presumably
leads to a protonation, although the pKa is hard to determine,
due to the weak spectral response of the main absorption
band. For E123T, e.g., a neutral amino acid at position
E123, the isomerization is clearly retarded. In contrast to
this, the primary photodynamics is slightly accelerated for
E123D and no additional K-intermediate is observed. This
is remarkable because the functional acid group is conserved
in E123D, but the lack of the methylene group leads to an
altered local geometry and thus to a different interaction of
retinal and protein. Moreover, it cannot be ruled out that
the hydrogen-bonding network is affected as well, consid-
ering the red-shift in the absorption spectra (Fig. 2).
Because the isomerization is faster for wt (pH 7.4) and
E123D than for wt (pH 4) and E123T, it is obvious that
Retinal Isomerization in Specifically Modified ChR-2 2655a negatively charged amino acid at positionE123 is necessary
for fast and efficient isomerization. Also for bR it is known
that the photoisomerization rate is tremendously reduced
due to neutralizing the primary proton acceptor upon D85N
mutation (52,53). Furthermore, theoretical studies showed
that a negative charge within the retinal binding pocket
affects the structure and electronic configuration (54) of the
Schiff base and is necessary for a fast photoisomerization
(55). These findings can be explained taking the charge-
transfer character of the excited state of retinal into account.
Upon photoexcitation a change in dipole moment of ~12 D
was estimated (56). Because photoexcitation leads to a shift
of positive partial charge to the hydrocarbon tail of the retinal
(57–59), a negative charge placed in its vicinity catalyzes the
isomerization by stabilizing a transition state with a charge-
transfer character. Therefore, the negatively charged E123
side chain stabilizes a partial positive charge in the C13-
C14 double bond, reduces the double-bond character of
this bond and consequently leads to a reduced energetic
barrier for isomerization. In addition, it was shown that
acetate in the vicinity of the retinal affects the slopes of
the S1 and S0 surfaces, leading to an earlier crossing of the
S1/S0 surfaces along the S1 isomerization path (60).
It should be noted that the underlying reaction processes
are also affected by some mutations, leading to a biexponen-
tial decay of the excited state compared to a monoexponen-
tial decay in the wt. This effect is less pronounced but still
present for the E123D mutant. E123D shows the same spec-
tral blue-shift as the wt for longer delay times, indicated by
the maximum of the DAS of t3 and t5 (Fig. 6). In contrast to
this, the E123T mutant exhibits a spectral red-shift, suggest-
ing a different K-like intermediate. Interestingly, the DAS
of t5 for wt at pH 4 and pH 7.4 are identical and therefore
indicate that the spectral characteristics of the K-like inter-
mediate are not pH-dependent (Fig. 5). Also, for the absorp-
tion spectrum, only a small pH influence could be observed
in contrast to the strong red-shift observed in E123T
(Fig. 2). The origin of the small red-shift observed in the
stationary absorption spectrum for the wt upon acidification
is unclear. For Xanthorhodopsin, it was also reported that
the absorption spectrum undergoes only a small red-shift
upon acidification, which was explained by the assumption
that the primary proton acceptor is hydrogen-bonded to a
nearby histidine residue (61). However, in ChR2 there is
no histidine residue in the vicinity of the primary proton
acceptor. These observations thus suggest structural differ-
ences in the retinal binding pocket for the E123T mutation
that add to the protonation effect of E123 at low pH.The influence of C128T and D156C point mutation
on the primary reaction
The C128T mutant exhibits an accelerated primary reaction,
whereas all spectral features observed for the wt are
conserved. This is most likely due to changed steric interac-tions of the retinal with the protein (20). C128 is homolo-
gous to T90 in bR that is in van der Waals contact with
the retinal (62). The primary reaction for D156C is consid-
erably altered compared to C128T. No additional K-inter-
mediate can be observed. The time constants and DAS are
similar to the wt upon addition of imidazole.
As mentioned above, the existence of a hydrogen bond
between D156 and C128 is discussed controversially.
Whereas FTIR measurements strongly support a hydrogen
bond (21), the recently published crystal structure of a
C1C2 chimera denies its existence (7). Our data report
now a sensitivity of the primary photodynamics toward
both aforementioned positions by monitoring the retinal in
the visible spectral range. We can only interpret our data
with respect to both suggested models. Low-temperature
FTIR spectroscopy revealed that the presence of the
hydrogen bond between D156 and C128 is preserved upon
C128T mutation, although the hydrogen-bond strength is
weaker compared to the wt (21). This change in hydrogen-
bond strength can also affect the isomerization kinetics. In
contrast to this the hydrogen bond is absent in the D156C
mutant. Therefore, the hydrogen-bond strength in the ground
state influences the kinetics of the excited state decay in
addition to steric factors, whereas the presence of this
hydrogen bond influences the equilibrium between the
different K intermediates.
In the crystal structure of the C1C2 chimera, C128 is
supposed to interact with the p-electron system in the
retinal, which would explain the altered photoisomerization
dynamics upon C128T mutation. However, it remains
unclear why the photodynamics in the D156C mutant is
similar to the wt, despite the absence of the additional
K-intermediate on longer delay times.CONCLUSIONS
Time-resolved absorption experiments were employed to
investigate major determinants of the isomerization process
in ChR2. Imidazole was shown to selectively affect the
interconversion of several K-intermediates occurring within
200 ps in wt ChR2. This effect can also be reproduced by
lowering the pH from 7.4 to 4. The isomerization is slowed
down at low pH, which can be understood by taking the
polar character of the excited state of the retinal into
account. A neutral primary proton acceptor like in E123T
leads to an increased lifetime of the excited state; this effect
is not observed for E123D, where the negative charge is re-
tained. The results of the pH-dependence as well as the data
obtained for E123D and E123T clearly demonstrate the
necessity of a negatively charged residue at position 123
for an efficient isomerization. The C128T mutation replac-
ing the cysteine in direct steric contact with the retinal leads
to a slight acceleration of the isomerization, which is ex-
plained by a changed steric hindrance upon mutation. In
contrast, the D156C mutant exhibits isomerization kineticsBiophysical Journal 102(11) 2649–2657
2656 Scholz et al.like wt in the presence of imidazole, where no additional
K-intermediate is observed.SUPPORTING MATERIAL
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